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Crystallization from an amorphous atomic structure is usually seen as a spontaneous process in pursuit of
a lower energy state, but for alloy systems it is often hard to elucidate because of the intrinsic structural and
compositional complexity. Here, by means of electron beam irradiation, we found surface-limited, and thus
size-dependent crystallization in a system of monoatomic Pd metallic glass, which is ascribed to the structural
differences between the surface and the interior. The equilibrium thickness of the surface crystallization is
controllable, presenting a promising approach to fabricate novel nanostructures. The investigation is believed
to provide a general understanding of solid amorphous-to-crystalline phase transition from the nanoscale to the
bulk size.
Phase transition in solids is very common in nature for both
organic and inorganic materials [1–4], and it is made advan-
tage to write information [5, 6], store thermal energy [1, 7]
and design high performance thermoelectric materials [8, 9].
Understanding the phase transition in amorphous materials
is extremely challenging because of the intrinsic structural
complexity, e.g., multiple structural motifs in metallic glasses
[10]. Among the phase transitions of simple amorphous ma-
terials, the amorphous-to-crystalline transition is probably the
easiest to observe, identify, and understand. It can be seen as
a process of proceeding to a lower free energy state (∆G ≤ 0).
The driving factor and kinetic pathway of this process, espe-
cially at the reduced scale, is important to the knowledge of
stabilizing and designing complex crystallographic phase of
nanomaterials. However, most amorphous materials discov-
ered to date contain multiple elements, that exhibit spatially
compositional heterogeneity [11]. The compositional com-
plexity, together with the structural complexity in the atom
disorderliness, creates enormous local energy minima on the
pathway of the amorphous-to-crystalline transition, making
reliable experimental investigation, and thus true mechanis-
tic elucidation, at or lower than the nanoscale (for example,
at the surface or interface) almost impossible. In this sense,
single element metallic glass, which is not only for its great
potential applications such as catalysis [12] and gas purify-
ing [13], but also for the ability of generating good con-
trast in the electron microscopes, is the ideal benchmark for
the mechanistic study of the amorphous-to-crystalline tran-
sition. So far, occasional publications report that electron
beam can cause complete solid crystallization in the nano-
sized monoatomicmetallic glass [14, 15], but systematic stud-
ies were failed to be provided. As a consequence, the true
mechanism for the amorphous-to-crystalline transition, i.e.,
the intrinsic metastability or the size-dependent instability of
the amorphous phase, remains unknown.
In this letter, we take the monoatomic Pd metallic glass
nanoparticles as the model system. The surface dynamics
of nanosized monoatomic Pd metallic glass were investigated
under the irradiation of an intensive electron beam. We ob-
served the disorder-order transformation process on the sur-
face of nanosized Pd metallic glass and explored the size de-
pendence and temperature effect of this system. This phe-
nomenon can be explained by the free energy model and
we highlight that the structural differences on the surface of
metallic glass play an important role in surface crystallization.
In our experiment, the amorphous single-element Pd
nanoparticles were prepared using a simple heat treatment as
described by our group [13]. These nanoparticles were ex-
posed to an intensive electron beam in transmission electron
microscope (TEM) and a CCD underneath was used for imag-
ing simultaneously. By doing this way, it enables us direct
observation of the structural transformation under strong elec-
tron irradiation. The fluorescence screen, which has been pre-
calibrated with the Faraday cup, was used to estimate the dose
rate. In a typical experiment with a dose rate of 6680 e/Å
2
s
at 300 keV energy, the structural change is shown in Fig. 1
and Movie S1. Figs. 1 (a) and (b) display the initial and
equilibrium state of the amorphous Pd nanoparticle, respec-
tively. Fig. 1(a) shows that the nanoparticle located on the
silicon nitride (SiNx) substrate presents a maze-like contrast,
indicating a fully amorphous nature. After prolonged irradia-
tion to 30 min, as shown in Fig. 1(b), a poly-crystalline layer
formed at the surface of the nanoparticle, while the core of
the nanoparticle still remained disordered. Several snapshots
of the red square region in Figs. 1(a) and (b) from Movie
S1 are displayed in Figs. 1(c)-1(f), which present the time-
elapsed transformation process of the first crystalline grain.
After 5 min of irradiation, one-dimensional lattice contrast ap-
pears on the left-hand corner of the particle, indicating that the
amorphous atom arrangement turns into small crystal. Once
the crystal nucleus has formed, the thickness of the crystalline
grain increases fast with the prolonged irradiation time. The
size change of the crystalline grain is plotted along the tan-
gential and radial directions as a function of irradiation time.
As shown in Fig. 1(g), the surface crystallization experiences
three stages: incubation, growth, and equilibrium. The incu-
bation stage was observed to be lasting for about 3 - 5 min.
Immediately after the nuclei come into being, the crystalliza-
tion spread around the nanoparticle until it reached an equi-
librium state. The growth rate of the tangential direction is
measured faster than that in the radial side, but it reaches to
equilibrium state more slowly than that in the radial direction.
This time-dependent phase transformation process was fit-
ted using modified phenomenological Johnson-Mehl-Avrami
2FIG. 1. Transformation kinetics of monoatomic Pd glassy nanopar-
ticle with d ∼ 30 nm irradiated by electron beam. (a,b) HRTEM im-
ages of the initial and equilibrium nanoparticle, respectively (scale
bar: 5 nm). The square and arrows in (a) mark the first nucleus
site and the direction of grain growth, respectively. (c)-(f) Magni-
fied HRTEM images of the region marked with a red square in (a)
and (b), showing the formation and evolution of crystalline layer of
amorphous Pd nanoparticle at different times (scale bar: 5 nm). (g)
The transformation kinetic curve of the particle. The solid line is the
fit using the modified JMA equation.
(JMA) model [16, 17], given by f (t) = A [1− exp(−ktn)],
where A, k, t, and n denote the shape factor, kinetic constant,
time, and Avrami exponent, respectively. By fitting the data
(solid lines in Fig. 1(g)), we obtained n ∼ 2. In addition,
the crystalline layer appears with polycrystals because of the
multi-nucleus sites near the surface (see Movie S1).
Through the above process, it is noticeable that the
FIG. 2. (a)-(b) HRTEM images of the amorphous-to-crystalline tran-
sition with different particle sizes. (c) Equilibrium thickness of sur-
face crystallization as a function of particle radius. The solid line
is the fit to the data and the inset shows the magnified curve of the
square box.
electron-beam-induced crystallization is only limited at the
surface, with an equilibrium thickness (Le) of about 5 nm,
which implies a size-dependent effect. Thus, we have inves-
tigated 22 nanoparticles with radius R from 2.5 nm to 20 nm
in the same way and the experimental results are displayed
in Fig. 2. It was found that amorphous nanoparticles with a
radius of less than 7 nm were completely crystallized into sin-
gle crystals under the intensive electron beam exposure (Fig.
2(a)). For nanoparticles with a radius of more than 7 nm, they
tend to form amorphous-crystalline core-shell structures with
equilibrium thickness of 5 nm (Fig. 2(b)). Fig. 2(c) sum-
marized the Le as a function of R and the mechanism will be
discussed in the later context.
In addition, the threshold dose rate to trigger the crystal-
lization was measured as a function of incident beam en-
ergy. The threshold dose rate is defined in such a way that
can trigger surface crystallization for nanoparticles with di-
ameter d ∼ 25− 35 nm within 10 min. The result is pre-
sented in Fig. 3(a). Even with accelerating voltage as low
as 80 keV, the electron beam can still induce surface crys-
tallization with the same equilibrium thickness. The thresh-
old dose rate was found to slightly decrease with the inci-
dent beam energy. According to the energy transfer equation
Emax = 2Up(Up+2mc2)/Mc2 [18](whereUp, M, m, and c de-
note the kinetic energy, nucleus of mass, electron of mass, and
velocity of light, respectively). The calculated maximum en-
3FIG. 3. (a) Relationship between the threshold dose rate required
to trigger the surface crystallization and the voltage. (b) The equi-
librium thickness regulation as a function of temperature. The solid
line is the fit with an extrapolation to 0 K (dashed line).
ergies Emax received by a target atom under 300 keV and 80
keV are approximately 8 eV and 1.8 eV, respectively, which
are far less than the experimentally reported displacement en-
ergy of Pd atom (34± 2 eV [19]). According to the previ-
ous research [20, 21], the momentum transfer between the fast
electrons and target atoms, alters the atom arrangements, and
thus causes crystallization. It shows the extreme vulnerability
of the surface structure of the metallic glass.
We also investigated the temperature effect on the surface
crystallization. We were able to apply heating to the nanopar-
ticles due to the unique preparation method we used [13]. We
found that no crystallization occurred even at a temperature
of 400 K higher than room temperature (RT) when the elec-
tron dose rate was lower than the threshold. It reflects that
the surface crystallization can not be triggered by tempera-
ture alone. However, our experiment found that temperature,
T , can play a unique role to modulate Le. The nanoparticles
were designed to be annealed at T = 323 K, 373 K, 473 K, and
573 K, and exposed to electron beam with a dose rate above
the threshold shown in Fig. 3(a) to measure the temperature
effect on the equilibrium thickness of surface crystallization.
Fig. 3(b) shows the evolution of equilibrium thickness as a
function of T . Le is found linearly increased with T . This
provides a way to modulate the equilibrium crystalline thick-
ness from Le ∼ 5 nm at RT up to Le ∼ 10 nm at T = 573
K. If extrapolating the linear fitting curve of tailored equilib-
rium crystalline thickness to absolute temperature (0 K), the
intersection of curve and coordinate is zero. That implies the
surface crystallization can be avoided by freezing the move-
ment of atoms.
The experimental fact that the crystallization is surface-
limited is an indication of a difference between the surface
and the interior of the nanoparticles. The lower activation en-
ergy at the surface explains the initialization of the crystal-
lization [22, 23], but what is the stopping factor for the crys-
tallization? Interfacial energy is not a major factor prohibiting
further crystallization because in our case the area of the inter-
face decreases as the crystallization proceeds inwards. Thus,
nanobeam electron diffraction (NBD) technique [24, 25] was
performed to study the surface structure of the amorphous Pd
nanoparticle. As shown in Fig. 4(a), a probe with the size
of 5 nm was used to scan the nanosized particle from particle
surface to interior with the step of 0.628 nm; 46 patterns were
acquired (Fig. S2). A typical NBD pattern was illustrated in
Fig. 4(b), where sharp discontinuous speckles were clearly
seen at k ∼ 4.5 1/nm, signifying the short-rang-order (SRO)
of the metallic glasses. The background-subtracted rotational
average intensity profiles of the whole 46 patterns were ex-
tracted and presented in Fig. 4(c). For the first group of peaks
(3.5 1/nm < k < 6 1/nm) excited from the sample (red and
blue curves in Fig. 4(c)), obvious asymmetrical shapes and
the shape evolution were observed as the probe moves toward
interior, indicating structural differences of the nanoparticle
[26]. To further analyze these profiles, the integrated inten-
sity (I), the location of intensity maximum (K), and ratio be-
tween left half peak and right half peak (see Fig. S3) of the
first group peaks as a function of distance are plotted in Fig.
4(d). The integrated intensity was used to identify the edge
of the nanoparticle, where it exhibits a sharp increase (marked
by a red dashed line in Fig 4 (d)). The locations of the in-
tensity maximum gradually decrease and finally reach a con-
stant when the probe moves from the surface to the interior.
According to the reciprocal theorem, it represents the most
probable atom-atom distance experiences contraction at the
surface. However, this contraction is relived by less proba-
ble atom bonding, i.e. the left side of the peak is wider than
the right side. Both of the location of the intensity maximum
and the ratio have the same decaying trend and length (re-
gion between the blue dashed line and the red dashed line in
Fig. 4(d)), which indicates that they are correlated, as a re-
sult of the structural evolution. The decaying length is ∼ 13
nm, slightly larger than the sum of the probe size (∼ 5 nm)
and equilibrium thickness Le at this size ( ∼ 5 nm), implying
a energy barrier is needed to be overcome for crystallization,
which will be discussed in the following context.
The arrangement complexity of atoms near the surface en-
ables us to model the Gibbs free energy of the amorphous Pd
nanoparticles as a gradually decaying function from the sur-
face to interior. Consequently, the free energy change ∆G of
the amorphous-to-crystalline phase transformation can be de-
picted based on a sphere model, which assuming that the crys-
tallization occurs in the entire surface and grows uniformly
toward interior:
∆G =
∫ Le
0
(Gac/v −Ga/v)dv+ 4pi(R−Le)
2
σint
+ 4piR2σc − 4piR2σa
where Gac/v, Ga/v, R, σint , σa, and σc denote the density of
free energy of amorphous/crystalline core/shell structure and
the initial nanoparticle, the size of the nanoparticle, the in-
terfacial energy of the boundary of core/shell structure, the
surface energy of the pristine amorphous state, and induced
crystal layer, respectively. To understand the stopping factor
of crystallization, taking the derivative ∂∆G/∂Le = 0, it can
be seen that the surface energy terms 4piR2σc and 4piR2σa
do not affect the equilibrium thickness of the surface crys-
tallization because they are independent of Le. Assuming a
4FIG. 4. NBD patterns of the Pd monoatomic metallic glass acquired
in a line scan mode. (a) The HRTEM image and the scheme of line
scan. The red and blue stars denote the onset of surface and the end-
point of acquiring, respectively. (b) A typical NBD pattern. (c) The
series of background-subtracted rotational average intensity profiles
extracted from NBD patterns. (d) The profile of integrated intensity
(I), the location of intensity maximum (K), and ratio between left
half peak and right half peak of the first group peaks as a function of
distance.
symmetric exponential decay of the Ga/v (see SI for detail),
we are able to obtain the relationship between the size of
the nanoparticles and the equilibrium thickness of the surface
crystallization. By fitting the data (see the solid line in Fig.
2(c)), it shows that, rather the interfacial energy, it is the low-
ering of Gibbs free energy of the interior part of the nanopar-
ticle stops further crystallization. In addition, it also explains
the size-dependence of the crystallization thickness, where the
complete crystallization of small nanoparticles (R ≤ 7 nm) is
caused by the overlapping of the tail of the decaying Gibbs
free energy of the amorphous nanoparticle. This model also
predicts that the equilibrium thickness will remain about 5 nm
if we further increase the size of the nanoparticles.
In conclusion, we have reported a novel surface crystalliza-
tion phenomenonwith nanosized Pd metallic glass in response
to intensive electron beam. This is caused by the structural
differences on the surface. The equilibrium thickness of the
surface crystallization is size-dependent and controllable by
heating. The results present a novel approach to understand-
ing the solid amorphous-crystal transition and further engi-
neering the crystallographic phase of the nanoparticles.
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